Purpose: The relative supersaturation of calcium oxalate, calcium phosphate and uric acid is used clinically in kidney stone prevention. The magnitude of the association between relative supersaturation and stone risk requires further quantification. Materials and Methods: We performed a cross-sectional study using 24-hour urine collections from the NHS (Nurses' Health Study) I and II, and HPFS (Health Professionals Follow-up Study) cohorts to quantify the association between the relative supersaturation of calcium oxalate, calcium phosphate and uric acid, and the likelihood of stone formation. Results: The OR of being a stone former was 5.85 (95% CI 3.40e10.04) in NHS I, 6.38 (95% CI 3.72e11.0) in NHS II and 6.95 (95% CI 3.56e13.6) in HPFS for the highest category of calcium oxalate relative supersaturation compared with less than 1.0. The OR of being a stone former was 1.86 (95% CI 0.94e3.71) in NHS I, 4.37 (95% CI 2.68e7.10) in NHS II and 3.59 (95% CI 2.04e6.31) in HPFS for the highest category of calcium phosphate relative supersaturation compared with less than 1.0. For uric acid relative supersaturation the OR of being a stone former was 4.30 (95% CI 2.34e7.90) in NHS I and 2.74 (95% CI 1.71e4.40) in NHS II for the highest relative supersaturation category compared with less than 1.0. In HPFS the uric acid relative supersaturation was not significantly associated with the likelihood of stone formation. Conclusions: The likelihood of being a stone former increases with higher relative supersaturation of calcium oxalate and calcium phosphate in men and women, and with higher relative supersaturation of uric acid in women.
URINE factors have a role in kidney stone formation. Independent contributions of the 24-hour excretion of calcium, oxalate, citrate, uric acid, total urine volume, sodium, magnesium, phosphorus and urine pH to stone risk have been reported. 1 Urine supersaturation levels of CaOx, CaP and UA are used clinically in kidney stone management. Supersaturation of a compound is the concentration in solution above its solubility and it drives crystallization. 2e4 Supersaturation is not directly measured but rather calculated using an iterative computer program considering the physiochemical interactions of multiple factors (promoters and inhibitors). 5 For example, urinary factors that contribute to the The corresponding author certifies that, when applicable, a statement(s) has been included in the manuscript documenting institutional review board, ethics committee or ethical review board study approval; principles of Helsinki Declaration were followed in lieu of formal ethics committee approval; institutional animal care and use committee approval; all human subjects provided written informed consent with guarantees of confidentiality; IRB approved protocol number; animal approved project number.
Supported by National Institutes of Health  Grants DK59583, DK73381, T32DK00752730,  F32DK111056, K24DK091417, UM1CA186107 Cross-sectional studies have revealed higher supersaturation in stone formers than in nonstone formers. 3, 6 Intuitively higher levels of supersaturation should increase the risk of stone formation but the magnitude of risk is not clear for different supersaturation levels. To quantify the magnitude of the association of the supersaturation of CaOx, CaP and UA with the likelihood of being a stone former we analyzed 24-hour urine collections from 2,508 male and female stone formers, and 1,267 male and female controls in the NHS I and II, and HPFS cohorts.
METHODS

Study Cohorts
NHS I comprises 121,700 female nurses who were 30 to 55 years old at the study start in 1976. NHS II comprises 116,430 female nurses who were 25 to 42 years old at the study start in 1989. HPFS comprises 51,529 male health professionals who were 40 to 75 years old at the study start in 1986. Participants in these cohorts are followed every 2 years with questionnaires to collect disease and lifestyle information. Followup is greater than 90% of eligible person-time for each cohort.
Kidney Stone Ascertainment
Biennial questionnaires for each cohort ask about a new diagnosis of kidney stones. Those who self-report an incident kidney stone were mailed a supplemental questionnaire requesting information such as the date of diagnosis. A validation study using medical records performed in the 3 cohorts confirmed the self-report in 95% or more of cases. 7 Stones in these cases contained at least 50% CaOx in 77% of 78 stone composition reports from NHS I, 79% of 243 from NHS II and 86% of 148 from HPFS. 7 In the current study we did not have stone composition reports for most participants, although it was expected that most stones were CaOx. 8e11 It is likely that less than 10% of the stones were 100% UA 10,11 but we analyzed UA supersaturation for completeness. Given the low percent, these results should be interpreted with caution.
Urine Collections
There were 2 cycles of 24-hour urine collections from participants with a history of kidney stones and participants randomly selected as controls. Cycle 1 was from 1994 to 1999 and consisted of a single 24-hour urine collection from stone formers and controls. Participants were included if they were 70 years or younger in HPFS, or 65 years or younger in NHS I. 1, 12 Participants were excluded if they had a history of cancer or cardiovascular disease. 1, 12 Cycle 2, which was in 2003, included additional stone formers and controls who were asked to perform 2, 24-hour urine collections. The participation and completion rates of all 3 cohorts were previously described. 1 Participants older than 75 years and those with a history of cancer other than nonmelanoma skin cancer were excluded from collection. Urine collections were performed with the MissionÒ Pharmacal system. Participants received a urine collection kit and samples were returned to Mission Pharmacal using a FedExÒ mailer.
Supersaturation Calculation
The measurements of individual components contributing to the calculation of supersaturation, including total urine volume, calcium, oxalate, phosphorus, pH and uric acid, were previously described. 1 Blinded split samples were sent to assess reproducibility and for all measured factors the coefficient of variation was less than 10%.
1 RS was calculated using supersaturation values from the EQUIL2 program. 5 Different laboratories have different approaches to manipulating and presenting supersaturation data as RS or other modified supersaturation.
Statistical Analysis
Participants with 24-hour creatinine in the top or bottom 1% of the cohort were excluded from study to remove possible over or under collection. Data on each cohort were analyzed separately. Baseline characteristics and urine values in cases and controls were compared using the t-test for normally distributed variables and the Wilcoxon rank sum test for nonnormally distributed variables. Logistic regression was performed to calculate the OR of being a stone former after adjusting for age. In each cohort the primary analysis was done in participants with at least a single 24-hour urine collection. A secondary analysis was done in participants with 2, 24-hour urine collections and the arithmetic mean of each factor was used.
RS categories of CaOx, CaP and UA were based on clinically reasonable increments. For UA RS a stratified analysis was performed to examine for effect modification by age using an age cutoff point of 65 years for NHS I and HPFS, and 55 years for NHS II. Analyses were done with SASÒ, version 9.4. The research protocol for this study was approved by the Brigham and Women's Hospital institutional review board.
RESULTS
A total of 1,354 NHS I, 1,276 NHS II and 1,145 HPFS participants completed at least 1 urine collection. There were no substantial differences in characteristics between HPFS participants who did vs did not collect urine. However, the body mass index of controls who provided a sample was 2.2 kg/m 2 lower in NHS I and 1.6 kg/m 2 lower in NHS II. 1 There were no meaningful differences in the dietary intake of calcium, sodium or animal protein between participants who did vs did not collect urine. For a single urine collection in all 3 cohorts the likelihood of being a stone former was higher when CaOx RS was higher (table 2). In NHS I and II the OR of being a stone former was 5.85 (95% CI 3.40e10.04) and 6.38 (95% CI 3.72e11.0), respectively, for the highest vs the lowest RS category (3.0 or greater vs less than 1.0). In HPFS the OR of being a stone former was 6.95 (95% CI 3.56e13.6) for a CaOx RS of 4.0 or greater compared with less than 1.0 (table 2). When 2 urine collections were analyzed, a similar pattern was seen (supplementary tables 2 to 4, http:// jurology.com/). Results were similar in an analysis of all 3 cohorts stratified by age.
For CaP the likelihood of being a stone former was higher for a higher RS category in all 3 cohorts (table 2). The OR of being a stone former was 1.86 (95% CI 0.94e3.71) in NHS I, 4.37 (95% CI 2.68e7.10) in NHS II and 3.59 (95% CI 2.04e6.31) in HPFS for the highest RS category compared with less than 1.0 (table 2). The pattern was similar for the 2 urine collections (supplementary tables 2 to 4, http://jurology.com/).
The likelihood of being a stone former was also higher for a higher UA RS in NHS I and II but it was not statistically significant in HPFS (table 2). The OR of being a stone former was 4.30 (95% CI 2.34e7.90) in NHS I and 2.74 (95% CI 1.71 to 4.40) in NHS II for the highest RS category of 4.0 or greater compared with less than 1.0 (table 2). A similar pattern was seen for the 2 urine collections (supplementary tables 2 to 4, http://jurology.com/). 
DISCUSSION
Relative supersaturation appears to be a useful measure of the risk of stone formation. In all 3 cohorts in this study there was a higher likelihood of being a stone former with a higher RS of CaOx and CaP. There was also a higher likelihood of being a stone former with a higher UA RS in the 2 female cohorts, although not in the male cohort.
A previous study showed that high supersaturation was associated with a higher likelihood of being a stone former. 6 In that cross-sectional analysis of 24-hour urine from 123 male workers in Tennessee the odds of being a stone former was higher in the highest tertile of the CaOx supersaturation index but there was no statistical difference in the middle tertile. Stone composition reports were available for 13 of the 40 stone formers and 92% of the stones were CaOx.
The results of our study emphasize the importance of understanding that the risk of stone formation increases continuously with increasing CaOx and CaP RS in men and women. The risk was already significantly higher at RS levels within the normal reference range of less than 2.0. When other urinary factors were analyzed, including the individual factors contributing to the calculation of the RS of CaOx and CaP, the risk of stone formation similarly increased continuously starting within the range previously considered normal. 1 The results of the current study again challenge previous beliefs of what has been considered normal vs abnormal for the RS of CaOx and CaP.
For UA RS the results differed between the female and male cohorts. In NHS I and II there was higher risk of being a stone former with increasing RS and the risk was higher even within the normal range. In HPFS the risk of being a stone former was flat and nonsignificant across the RS levels. This difference by gender held true for participants with 2, 24-hour urine collections. To our knowledge there is no clear reason for this difference between the genders. However, for some urinary components previous studies have revealed age and gender variations in stone risk. 1 Previous studies have examined the change in stone composition by age and gender. 11 In our study we did not find that results varied by age in any of the 3 cohorts.
It is also important to note that interpreting the RS results in this study requires caution since we did not have stone composition reports for each stone former. Given that CaOx is the most common stone type 8, 9 and most first time stones are CaOx, 10 it is likely that most stones in our study were CaOx. Furthermore, in a validation study of stone formers in these cohorts using medical records 77% of the stones in NHS I, 79% in NHS II and 85% in HPFS were at least 50% calcium stones. 7 A knowledge of stone composition is important because supersaturation of CaOx, CaP and UA was shown to closely reflect the stone composition of these stone types. 3 Circumstances in which the correlation weakens include conditions of low or high urine volume. 13 Given that CaOx was likely the predominant stone type in our study, 7 we expect that the magnitude of association for CaOx RS is most reliable.
We found a moderate correlation between the RS values of CaOx and CaP. Some of the same factors that contribute to CaOx RS also contribute to CaP, such as calcium, citrate and urine volume. In addition to any true association, the point estimate of the likelihood of stone formation by CaP RS could be partly attributable to the correlation with CaOx RS. There was also a moderate correlation between CaOx and UA RS. A portion of the finding in the female cohorts may be attributable to the moderate correlation between these 2 RS levels. However, additional study of UA RS with a known stone type is needed to provide further understanding of the association of the UA RS level and the likelihood of being a stone former.
There are limitations to this study. We do not have stone composition reports on the majority of stone formers. Due to our study design the age distribution of our sample did not include participants younger than 30 years and it included few who were older than 70 years. In these younger and older age groups there may be differences in stone composition, which would not be reflected in our results.
We did not have data on stone recurrence and, thus, could not distinguish between incident and recurrent stone formers. The generalizability of results may be limited as there were few nonwhite participants.
It is important to note that the 24-hour urine collection does not capture temporary spikes in supersaturation such as postprandial spikes or those in the early morning.
14 In addition, RS is a number calculated using multiple, differently measured variables. There is biological variability as well as possible errors in the collection and measurement of the factors contributing to the RS calculation, and RS is not the only factor that influences stone formation. However, the coefficients of variation of the measurements were low, and participants with extreme 24-hour urinary creatinine levels were excluded from analysis to reduce the error associated with over and under collection. Thus, the error should have been minimized.
Finally, urine was collected in cases after a stone event. It is possible that changes in behavior, such as fluid intake, could have attenuated the magnitude of the associations.
CONCLUSIONS
These results contribute to clinical practice as RS often serves as a target for stone prevention and management. Without RS it can be difficult to assess the overall likelihood of stone formation in an individual who has day-to-day variations in supersaturation components. Relative supersaturation can also be used to assess the impact of an intervention when supersaturation components increase or decrease with dietary and therapeutic modifications. These results demonstrate that the likelihood of stone formation increases with higher RS levels of CaOx and CaP in men and women, and with higher RS levels of UA in women. This increase begins at levels below the currently accepted normal values.
